Swine are an important source of proteins worldwide but are subject to frequent viral outbreaks and numerous infections capable of infecting humans. Modern farming conditions may also increase viral transmission and potential zoonotic spread. We describe here the metagenomics-derived virome in the feces of 24 healthy and 12 diarrheic piglets on a high-density farm. An average of 4.2 different mammalian viruses were shed by healthy piglets, reflecting a high level of asymptomatic infections. Diarrheic pigs shed an average of 5.4 different mammalian viruses. Ninety-nine percent of the viral sequences were related to the RNA virus families Picornaviridae, Astroviridae, Coronaviridae, and Caliciviridae, while 1% were related to the small DNA virus families Circoviridae, and Parvoviridae. Porcine RNA viruses identified, in order of decreasing number of sequence reads, consisted of kobuviruses, astroviruses, enteroviruses, sapoviruses, sapeloviruses, coronaviruses, bocaviruses, and teschoviruses. The near-full genomes of multiple novel species of porcine astroviruses and bocaviruses were generated and phylogenetically analyzed. Multiple small circular DNA genomes encoding replicase proteins plus two highly divergent members of the Picornavirales order were also characterized. The possible origin of these viral genomes from pig-infecting protozoans and nematodes, based on closest sequence similarities, is discussed. In summary, an unbiased survey of viruses in the feces of intensely farmed animals revealed frequent coinfections with a highly diverse set of viruses providing favorable conditions for viral recombination. Viral surveys of animals can readily document the circulation of known and new viruses, facilitating the detection of emerging viruses and prospective evaluation of their pathogenic and zoonotic potentials.
The need to monitor viruses in both human and animal species to better understand emerging infectious diseases has recently received attention under a "one-health" concept (23, 30, 36, 46, 73, 97) . Swine are the natural reservoir of a large variety of viruses capable of causing human diseases, including hepatitis E virus (74) , Nipah virus (75) , and pandemic H1N1 influenza virus (43) . The potential zoonotic transmission of swine noroviruses, sapelovirus, and rotaviruses has also been discussed (6, 71) . Because of the nearly ubiquitous use of pigs as farm animals and their frequent involvement in viral zoonoses, we selected feces from healthy and diarrheic piglets from a high-density U.S. farm for an unbiased metagenomics analysis of their fecal virome.
Porcine diarrhea can have an important impact on the swine industry, where cases can remain without identified viral or bacterial etiology. For humans in the United States, Ͼ40% of cases of diarrhea remain unexplained after extensive testing for all known diarrheic pathogens (85) . Worldwide, diarrhea is one of the leading infectious causes of childhood death (http: //www.who.int/topics/diarrhea/en/) (19, 49, 107) . The recent introduction of human rotavirus vaccines has had a major impact on reducing diarrhea-caused morbidity (28) .
Using a viral metagenomics approach, recently enhanced by high-throughput sequencing technologies, several studies have shown a previously unrecognized level of viral genetic diversity and identified novel viral species in animals, plants, other host species, and diverse environmental sources (4, 13, 14, 24, 26, 27, 38, 39, 102, 109) . We describe here the virome in feces of healthy and diarrheic piglets from a single farm. A very high level of enteric infection with both known and previously uncharacterized viral species was found, reflecting a high degree of viral transmission in these intensely farmed animals.
MATERIALS AND METHODS
Stool specimens. Stool samples were collected from a commercial farm with 1,000 sows producing piglets in North Carolina. Feces samples were collected from 12 piglets with diarrhea between the ages of 23 and 30 days and from 24 healthy pigs of age 19 to 30 days. Fecal content was obtained directly from the distal colon and rectum of euthanized animals and frozen at Ϫ80°C. Viral nucleic acid purification. Stool samples were resuspended in 10 volumes of phosphate-buffered saline (PBS) and vigorously vortexed for 5 min. Three hundred microliters of supernatant was collected after centrifugation (5 min, 15,000 ϫ g) and filtered through a 0.45-m filter (Millipore) to remove eukaryotic and bacterial cell-sized particles. The filtrates enriched in viral particles were treated with a mixture of DNases (Turbo DNase from Ambion, Baseline-ZERO from Epicentre, and benzonase from Novagen) and RNase (Fermentas) to digest unprotected nucleic acid at 37°C for 90 min (20) . Viral nucleic acids were then extracted using the QIAamp viral RNA extraction kit (Qiagen).
Library construction and pyrosequencing. Viral nucleic acid libraries containing both DNA and RNA viral sequences were constructed by random RT-PCR amplification as previously described (102, 103) . One hundred picomoles of a random primer containing a 20-base fixed sequence at the 5Ј end followed by a randomized octamer at the 3Ј end (8N) was used in a reverse transcription reaction with SuperScript III reverse transcriptase (Invitrogen). A single round of DNA synthesis was then performed using Klenow fragment polymerase (New England BioLabs), followed by PCR amplification of nucleic acids using primers consisting of only the 20-base fixed portion of the random primer.
A total of 36 different random primers (containing distinct 20-base fixed sequences) were used for the 36 porcine fecal samples ( Table 1 ). The DNA products of these random reverse transcription-PCR (RT-PCR) amplifications were pooled in equimolar amounts, and fragments of the appropriate size were purified from a 2% agarose gel for 454 pyrosequencing using the FLX titanium kit.
Data assembly and processing. A total of 652,000 pyrosequence reads (average length, 235 bases) were initially generated. Sequence reads were assigned to 36 data bins based on the different 20-base fixed-region sequences of the primers used. Each read was then trimmed of the fixed primer sequences plus eight additional nucleotides (encoded by the 8N part of the random primers), leaving 570,000 sequences longer than 100 bp for further analyses. Trimmed sequences within each group were assembled into contigs using MIRA software, with a criterion of Ն95% identity over at least 35 bp. The assembled contigs and singlet sequences were then compared to GenBank using BLASTx. Using BLASTx search, sequences with E values of Յ10 Ϫ5 were classified as likely originating from a eukaryotic virus, bacterium, phage, eukaryote, other, or unknown based on the taxonomic origin of the sequence with the best E value. Viral genome sequencing. PCR primers were designed based on the viral sequences with sequence matches to known virus. PCR to bridge sequence gaps, inverse PCR, and 3Ј and 5Ј rapid amplification of cDNA ends (RACE) were used to complete viral genomes.
Phylogenetic analysis. Sequences characterized in the current study and sequences representing the currently known diversity of astroviruses, bocaviruses, circoviruses and circovirus-like viruses, and picornavirus-like viruses in clades 1 and 6 (61) and astroviruses were aligned using the program MUSCLE. The latter data set was supplemented with additional porcine-derived virus-like posavirus sequences and homologous sequences from the RNA-dependent RNA polymerase (RdRp) of recently described cDNA recovered from the nematode Ascaris suum (see Table S2 in reference 61). The RdRp alignment used is provided in Fig. S1 in the supplemental material. Abbreviations of viruses correspond to those used in reference 61. Translated amino acid sequences were aligned using the program MUSCLE (33) with default settings. Maximum-likelihood phylogenetic trees of each alignment were generated using the program GARLI (114) using the amino acid model of Whelan and Goldman (106) . One hundred bootstrap replications of the data were run to determine robustness of branching, with values indicated at each branching point when they were greater than 70%. For each data set, the maximum clade credibility tree was plotted and annotated with bootstrap values generated by the program CONSENSE in the PHYLIP 3.65 package using the tree output from GARLI. The GenBank accession numbers of the reference sequences used in the phylogenetic analysis are shown in the trees.
Nucleotide sequence accession numbers. The genomes of known and new viruses described in detail here were deposited in GenBank under the following accession numbers: PAstV2-43, JF713710; PAstV5-33, JF713711; PAstV2-51, JF713712; PAstV4-35, JF713713; PBoV3-22, JF713714; PBoV3-23, JF713715; po-circo-like virus 21, JF713716; po-circo-like virus 22, JF713717; po-circo-like virus 41, JF713718; po-circo-like virus 51, JF713719; posavirus 1, JF713720; and posavirus 2, JF713721. All pyrosequence reads were deposited under short-read archive accession number SRA030664.
RESULTS
Overview of sequence data. A total of 24 feces samples from healthy piglets and 12 feces samples from diarrheic piglets were collected on a high-density farm. Viral particles and their nucleic acids were enriched by filtration and nuclease treatment prior to nucleic acid extraction, random RT-PCR-based amplification, and pyrosequencing to generate over 600,000 sequence reads (102, 103) . Sequence contigs were generated using reads from each of the 36 samples and classified based on best BLASTx expectation (E) scores. Summaries of the taxonomic classifications are shown in Fig. 1A . Thirteen percent of all the sequence reads had no significant similarity to any sequences in GenBank, lower than the percentages of unclassified sequences in previous viral metagenomic studies of human and bat feces (65, 103) . The most abundant fraction of viral sequences showed matches to mammalian viruses ( Fig. 1B) .
Virome of porcine stools. Ninety-eight percent of sequence reads with best BLASTx matches to mammalian viruses were to RNA viruses from the families Picornaviridae, Astroviridae, Coronaviridae, and Caliciviridae (Fig. 1B) . One percent of these sequences were related to the single-stranded DNA (ssDNA) viruses in the Circoviridae and Parvoviridae families. Virtual translations of these viral sequences showed a wide range of protein similarity to known viruses, indicating the presence of previously known and unknown viral species.
Previously characterized viruses identified here consisted of kobuviruses, enteroviruses, sapoviruses, sapeloviruses, coronaviruses, and teschoviruses (Table 1) . Astroviruses and bocaviruses showing substantial sequence divergence from known porcine viruses as well as highly divergent Rep-encoding circular DNA and RdRp-encoding RNA genomes were also identified and their genomes characterized ( Table 1 ). The most highly represented mammalian viruses were, in order of sequence read abundance, kobuviruses (23% of all reads), astroviruses (22.5%), enteroviruses (13.8%), sapoviruses (5.7%), sapeloviruses (1.5%), coronaviruses (0.69%), bocaviruses (0.22%), and teschoviruses (0.03%). The number of reads for all the porcine viruses combined amounted to 64% of all reads from healthy animals and 68% from diarrheic animals. The fraction of diarrheic versus healthy animals shedding any one of these eight mammalian viruses was identical except for bocaviruses (5/12 versus 3/24) and coronaviruses (11/12 versus 13/24), which were more prevalent in diarrheic than in healthy animals (chi-square test, P Ͻ 0.05). Out of 36 animals tested, kobuviruses were found in 83%, astroviruses in 75%, enteroviruses in 80%, sapoviruses in 42%, sapeloviruses in 53%, coronaviruses in 67%, bocaviruses in 22%, and teschovirus in 36%. The average percentages of sequence reads for each virus per infected piglet were compared between healthy and diarrheic piglets. Teschoviruses and bocaviruses were excluded due to the limited number of reads (Ͻ1,500). Except for kobuviruses, less than a 2.5-fold difference was measured between infected healthy and sick animals in their percentages of sequence reads to these eight viruses. Unexpectedly, the percentage of kobuviruses reads per animal was 12 times higher in healthy than in diarrheic piglets. Overall, except for the higher rate of detection of bocaviruses and coronaviruses, the fraction of animals shedding any particular virus, the fraction of viral sequence reads per infected pig, and the overall fraction of all viral reads combined were not greater in diarrheic than in healthy piglets. The average number of porcine viruses per feces samples (coinfections) was 4.2 for healthy and 5.4 for diarrheic piglets. A statistically greater number of diarrheic piglets shed 6 or more viruses (8/12) than did healthy piglets (6/24) (chi-square test, P Ͻ 0.05). The healthy animals showing the fewest coinfections were the youngest (19 days old) and still unweaned animals, shedding an average of 1.5 different viruses. Kobuviruses were the only virus type found in all 6 still-unweaned healthy piglets. New porcine viruses. Several long contigs with highly significant E scores to eukaryotic viruses were identified. In samples where a high number of virus-specific reads (Ͼ1,000) were generated, nearly complete viral genomes were obtained. Full or nearly complete genomes were then acquired by bridging sequence gaps by PCR or RT-PCR, and the extremities of linear genomes were amplified using 5Ј and 3Ј RACE. Genomes were then resequenced directly from overlapping PCR or RT-PCR fragments. Circular genomes were amplified by inverse PCR.
Porcine astroviruses. The family Astroviridae consists of positive single-stranded RNA (ssRNA) virus whose genomes range in length from 6.4 to 7.3 kb and contain three open reading frames (ORFs) designated ORF1a (nonstructural pro-teins), ORF1b (RdRp), and ORF2 (capsid). Astroviruses (AstV) can cause gastroenteritis in mammalian and avian species and have been identified in numerous mammalian species (9, 40, 41, 53, 57, 69, 81, 95, 99) . Astroviruses have also been recently associated with encephalitis in a child with agammaglobulinemia (80) and with a shaking syndrome in farmed minks (9) .
In this study, astrovirus sequences were detected in feces from 10/12 diarrheic and 17/24 healthy piglets. Four viral strains were selected for full genome sequencing based on a high number of sequence reads and high divergence from previously reported porcine astrovirus sequences. The nearly complete genomes of PAstV5-33, PAstV2-43, PAstV2-51, and PAstV4-35 were 6,457 bp, 6,293 bp, 6,333 bp, and 6,609 bp in length, respectively, excluding their 3Ј poly(A) tail ( Fig. 2A) . Using the capsid proteins of these and other astroviruses, phylogenetic analysis indicated that the four viruses fell into three distinct genetic lineages within the genus Mamastrovirus (Fig.  2B) . The clusters of PAstV were labeled 1 through 5 based on (69), as well as the deer astroviruses CcAstV-1 and CcAstV-2 (95) . PAstV4-35 clusters with group 4 virus PAstV2 from Hungary (81) (Fig. 2) . PAstV5-33 formed its own deep branch in the astrovirus tree, likely representing a fifth porcine astrovirus group. A distance matrix of the capsid pro- teins of astroviruses is provided in Table S1 in the supplemental material. Divergent members of two preexisting clades plus a new clade were therefore characterized, showing the high genetic diversity of porcine astroviruses on this single farm.
Porcine bocaviruses. The genus Bocavirus, within the Parvoviridae family, consist of linear positive-strand DNA genomes 4 to 6 kb in length. Bocaviruses are distinguished from other parvoviruses by the presence of a third ORF in the middle of their genomes. Bocaviruses originally identified in bovine and canine stool samples have since been identified in numerous mammalian species, including in human (3, 5, 55, 58), gorilla (58, 91) , chimpanzee (91) , and three lineages in pigs, including one with only partially described genomes 6V and 7V (10, 20, 22, 90, 110) . Bocaviruses have been associated with diverse symptoms, most notably respiratory problems and diarrhea (2, 15, 54, 70, 86, 101) .
We identified 5 diarrheic and 3 healthy piglets with sequences related to those of known bocaviruses and proceeded to derive viral genomes from two diarrhea samples (Fig. 3A) . The two genomes clustered with one another and more distantly with the partial 6V and 7V genomes from China (20) (Fig. 3B) . The full genomes of representatives of the third major clade of porcine bocaviruses were therefore generated. The genetic distances between different bocaviruses are shown in Table S2 in the supplemental material. Porcine circovirus-like viruses. Rolling-circle replication initiator proteins/replicase proteins (Rep) catalyze a break in a stem-loop origin of replication from which a host-encoded DNA polymerase extends the 3Ј-OH end to replicate the circular viral genome (21, 96) . Feces from two healthy and six diarrheic pigs showed the presence of sequences with similarity to Rep. Because Rep genes are located on small circular viral DNA genomes, we used inverse PCR to amplify and sequence four circular DNA genomes.
The gene organization of these genomes was distinct from those of circoviruses or the ChiSCV from wild chimpanzee feces, which contain two back-to-back ORFs (8, 64) . Two genomes (21 and 22) were closely related with four or five ORFs, while the other genomes contained three or four ORFs (Fig. 4A ). For two genomes the Rep binding stemloop structure was located downstream of the Rep genes, while for two genomes the stem-loop was upstream. Phylogenetically these four Rep clustered together and were most closely related to Rep genes found integrated in the genomes of the protozoan parasites Entamoeba histolytica and Entamoeba dispar, with a protein identity of 33 to 34% (Fig.  4B ). Like the Entamoeba Rep, these proteins contained N-terminal viral Rep superfamily and C-terminal P-loop nucleoside triphosphatase (NTPase) superfamily domains. The genomic properties of the viruses that we temporarily named porcine circovirus-like viruses are shown in Table S3 in the supplemental material. A new clade of circular DNA viral genomes, representing a potential new viral family, was therefore found in pig feces.
Highly divergent porcine picornavirus-like genomes. Three feces samples showed the presence of sequences with detectable similarity to the RNA-dependent RNA polymerases (RdRp) of members of the order Picornavirales. Using the same chromosome-walking methods used for the other singlestranded RNA genomes, the entire genomes of two of these highly divergent viruses were acquired, and we provisionally named the viruses posavirus 1 and posavirus 2 (porcine stoolassociated RNA viruses 1 and 2). Both genomes consisted of single long ORFs encoding 2,952-and 3,347-amino-acid (aa) polyproteins, respectively. When posavirus polyproteins were used in BLASTx searches of GenBank's NR database, a series of recently (March 2011) deposited cDNA-derived protein sequences from an adult Ascaris suum nematode (the long roundworm of pigs) isolated from a pig on a U.S. farm yielded E scores that were more significant (3 ϫ 10 Ϫ108 to 10 Ϫ71 ) than the next closest E scores to dicistroviruses (10 Ϫ18 to 10 Ϫ24 ). Six sequences of 2,961 to 3,170 amino acids in length (and three shorter, presumably partial sequences) were annotated as A. suum polyproteins or replicase polyproteins (GenBank accession numbers ADY39832.1, ADY39824.1, ADY39838.1, ADY39842.1, ADY39835.1, and ADY39828.1). Amino acid sequence identities of 24 and 28% (39 and 44% similarities) were seen between the more conserved 3Ј halves of the posaviruses and the roundworm cDNA-derived polyproteins. A conserved protein domain analysis of the polyproteins from roundworm cDNA, posaviruses, caliciviruses, and the first ORF of a dicistrovirus showed a conserved domain order be-tween the roundworm cDNA and the feces-derived posavirus polyproteins (see Fig. S2 in the supplemental material). Only the roundworm cDNA-derived and the posavirus polyproteins possessed two distinct picornavirus capsid domains downstream of the RT-like superfamily (RdRp) domain. Relative to the roundworm polyproteins, a peptidase domain was missing in the posaviruses, whose P-loop NTPase domain was located further upstream. In order to determine if these virus-like cDNAs were encoded by the A. suum genome or represented infection with RNA viruses, we tested genomic DNA directly extracted from A. suum eggs using 3 sets of nested PCR primers targeting these cDNAs and another PCR primer set targeting a single-copy chromosomal A. suum gene. The singlecopy A. suum gene PCR was positive in both the first and nested PCRs, while none of the three polyprotein-specific sets of primers yielded an amplification product. The virus-like cDNAs from A. suum are therefore not encoded by the A. suum genome and likely represent infections with posaviruslike viruses.
Phylogenetic analysis of the most conserved region of the Picornavirales RdRp region indicated that the two posaviruses were related and closest to the virus-like sequences from A. suum cDNA (Fig. 5 ). The next closest sequences were from members of the Dicistroviridae family known to infect arthropods. Dicistroviruses consist of two tandem ORFs encoding replicative functions and structural proteins, while both posaviruses and the A. suum cDNA consist of long single ORF.
To help determine the cellular host of posaviruses, we then used nucleotide compositional analysis (NCA). Differences in base composition and dinucleotide frequencies of RNA viruses infecting different hosts have been exploited as a means to infer the host origins of uncharacterized viruses (58) . A total of 352 representative sequences were used to identify compositional traits among viruses infecting vertebrates, arthropods, and plants by discriminant analysis (see Table S4 in the supplemental material). By this analysis, viruses were correctly assigned to their host origin in 96% of cases using frequencies of each base and ratios of dinucleotide frequencies to those expected from their component base frequencies (see Table S5 in the supplemental material). Since only two ssRNA viruses (both nodaviruses in the Picornavirales order) are known to infect nematodes (Caenorhabditis elegans) (38) , NCA cannot yet include this group of animals as a separate classification category. However, when NCA was applied to the posaviruses, A. suum cDNA derived virus-like sequences, and the nodaviruses from C. elegans, all clustered within the arthropod group, although with a wider scatter of canonical factor values than was typical of arthropod viruses (Fig. 6) . The shared compositional attributes of viruses infecting nematodes and arthropods (primarily insects) may reflect the greater evolutionary relatedness of their hosts compared to the other two classification categories (vertebrates and plants). Based on 18S rRNA gene phylogeny, both arthropoda and nematoda and other molting phyla have been proposed to belong to the Ecdysozoa clade (1, 32) , distinct from the Deuterostomia clade, which includes the vertebrates, and from plants (in the highly distant eukaryotic kingdom Plantae). Using posavirus 1-and 2-specific nested RT-PCR, posavirus 1 was detected in 17 of 36 animals and posavirus 2 in 11 of 36 animals, indicating common infections. Nine animals were coinfected with both posaviruses. 11704 SHAN ET AL. J. VIROL.
DISCUSSION
High-density pig farming is conducted worldwide, resulting in the large-scale production of porcine excrement and increasing concern about its safe disposal (25, 113) . The crowded conditions and frequent movement of pigs also provide a beneficial environment for viral transmission and evolution (92) . The recent emergence of the H1N1 "swine" influenza may have resulted from influenza virus recombination on such farms (60, 94, 105) . We present here an initial description of the fecal virome of pigs on a high-density farm, using deep sequencing of enriched viral nucleic acids.
Enteric pig viruses in the Picornaviridae, Astroviridae, Caliciviridae, Coronaviridae, and Parvoviridae families were found, including, in decreasing relative concentration, kobuviruses, astroviruses, enteroviruses, sapoviruses, sapeloviruses, coronaviruses, bocaviruses, and teschoviruses. All feces samples contained at least one BLASTx-recognizable mammalian virus, with averages of 4.2 and 5.4 distinct viruses in healthy and diarrheic pigs, respectively. A higher load (as estimated by the fraction of viral sequence reads in infected animals) of any single virus was not associated with diarrhea. The prevalence of detection was higher in diarrheic pigs only for bocaviruses and coronaviruses. Shedding of six or more distinct viruses was also associated with diarrhea. Coinfections with a large number of viruses may therefore overwhelm piglet innate and immune defenses. In piglets, maternal antibodies are absorbed from the colostrum through their immature gut (17) , providing protection against infections to which the sows were exposed (17, 34, 35, 76, 79, 87) . The absence of symptoms in some heavily virus-coinfected piglets may be due to such maternal antibodies, especially early after suckling has begun, when piglet serum titers are highest (79, 87) ; this is consistent with the detection of an average of 1.5 viral coinfections in the unweaned 19-day-old piglets versus 5.2 coinfections in older animals.
Studies characterizing viromes in animal feces have been performed on horses (18) , humans (12, 39, 56, 103, 112) , bats (31, 65) , turkeys (29) , and California sea lions (66) , providing novel viral genomes for phylogenetic analyses and disease association studies. The high degree of coinfections with distinct mammalian viruses seen here in piglets is greater than reported in these prior fecal virome studies, which is possibly a consequence of the very young age of the animals analyzed here and/or of their high-density living conditions. Whether the high rate of viral infections reflects long-term fecal shedding in chronic infections or frequent reinfections with rapidly cleared viruses will require the analysis of longitudinally collected samples. Long-term fecal shedding of human bocavirus has been seen in children (72) , and coinfections with distinct porcine bocaviruses and possible recombination have been recently reported (62) .
Beside the previously characterized RNA and DNA viruses, several previously unknown or only partially characterized viral genomes were also identified and their full or near full genomes characterized. Pig astroviruses that may be broadly grouped into 4 major phylogenetic clades have recently been described (51, 52, 69, 81, 100, 104) . We sequenced three divergent variants within two of these clades and characterized the first member of a fifth clade (PAstV5-33). The detection of such a high diversity of pig astroviruses on a single farm indicates ongoing viral transmission from multiple sources rather than a single-point introduction. A PCR study of astroviruses on multiple Canadian farms showed that 80% of healthy young pigs were infected with diverse porcine astroviruses (69) . The detection of multiple astrovirus species in pigs as well as humans may reflect multiple past cross-species transmissions from other animal sources followed by adaptation to new hosts (40, 41, 57) . A recent viral metagenomics analysis of feces from wild California sea lions also detected a large diversity of astroviruses in 51% of animals, consisting of 30% of the mammalian virus reads, versus detection of diverse astroviruses in 75% of piglets, consisting of 22.5% of mammalian viral reads. Further sampling should determine if such high astrovirus diversity, prevalence, and viral loads are a general phenomenon of wild and domesticated mammals. Humans are also infected with several distinct astroviruses (40, 41, 57) .
Several porcine bocavirus species have been recently characterized (10, 20, 22, 90, 110) . The bocavirus genome sequences obtained here were related to the partially sequenced 6V and 7V porcine bocaviruses from China originally reported by Cheng et al. (20) and the nearly full genomes recently reported by Lau et al. (62) . The 25% rate of detection of bocavirus shedding seen here is lower than the 46% rate of porcine bocavirus-like virus infection in feces of healthy Swedish pigs (11) and the 70% detection in tissues and sera of Chinese pigs with respiratory symptoms (111) . This lower apparent rate of infection may be due to differences in the age of animals analyzed, tissues analyzed, and farming methods and/or a higher sensitivity for PCR-based virus detection. Overall, the genetic diversity of porcine bocaviruses is greater VOL. 85, 2011 FECAL VIROME OF PIGS ON A HIGH-DENSITY FARM 11705 than that of the so far monophyletic bocaviruses found in humans, cows, and dogs. Determination of whether the genetic diversity of bocaviruses infecting other wild or farm animals will be as high as that found in pigs or whether modern farming is associated with a higher viral diversity will require further investigations. A series of highly divergent viruses with small circular DNA genomes encoding Rep proteins were characterized. Rep proteins are components of many viral species with singlestranded circular DNA genomes. These viruses include circoviruses infecting birds and pigs (42, 98) and the related cycloviruses infecting farm animals and bats (67) and possibly humans (64) . Unexpectedly, circoviruses and cycloviruses have also recently been reported in dragonflies (83) . Rep proteins encoded on circular DNA genomes have also been found in chimpanzee stools (8) and in environmental samples (84) . Plant viruses of the Geminiviridae and Nanoviridae families with small circular ssDNA genomes also encode Rep proteins (37) , and Rep homologues have been found encoded within the genome of canarypox virus, on chromosomes of the parasitic protozoans Entamoeba histolytica and Giardia duodenalis, and on a plasmid, p4M, from a Gram-positive bacterium, possibly the result of integration by virus-like extrachromosomal elements (44) . Largely defective Rep genes from ancient circovirus integration events have recently been described in mammalian genomes (7, 59) .
The source of the Rep-encoding circular DNA viruses found in the current study may be infected pig cells, other organisms in pig gut, or a dietary source. Based on their closest sequence similarity to the Rep sequence in the genome of the human protozoan parasitic Entamoeba histolytica (E ϭ 10 Ϫ31 ), with which they cluster phylogenetically, we suggest that these circular DNA genomes replicate in E. histolytica or another, more pig-specific Entamoeba species such as E. polecki or E. suis. Sequence similarity searches (www.amoebadb.org) within the genome of the human commensal E. dispar (E ϭ 10 Ϫ27 ) and the reptile-infecting E. invandens (E ϭ 10 Ϫ7 ) also showed the presence of Rep sequences in these protozoans. Based on sequence similarity between virus-like sequence in Entamoeba and the circular viral genomes from pig feces, we propose that these circular DNAs originate from parasitic protozoans commonly found in the guts of pigs.
The order Picornavirales includes viruses replicating in all the major divisions of eukaryotes, including protozoans, plants, insects, and mammals, which may reflect the origin of this diverse group of viruses prior to the radiation of eukaryotes (61) . Two novel viral RNA genomes with distant sequence relatedness to other Picornavirales were characterized and provisionally named posaviruses. Several recently reported polyproteins originating from cDNA of the helminth A. suum (the long roundworm of pigs), but shown here by PCR not to be encoded in its genome, showed the highest degree of sequence similarity to posaviruses and a conserved protein domain organization, including the presence of helicase, RdRp, and rhinovirus capsid-like domains. By genetic distance criteria, posaviruses were therefore more closely related to the A. suum cDNA-derived sequences than to any other described Picornavirales. When their nucleotide compositions were analyzed, both posaviruses and A. suum polyproteins fell within the arthropod grouping, although with a wide scatter. Evolutionarily, nematodes and arthropods are more closely related than they are to vertebrates and plants (1, 32) . The similar nucleotide compositions of Picornavirales known to infect arthropods and the nematode C. elegans-infecting nodaviruses was therefore expected. The similar nucleotide compositions of the posaviruses, the A. suum virus-like polyprotein-encoding cDNA, C. elegans, nodaviruses, and arthropod-infecting Picornavirales therefore support the possibility that the posaviruses (and the A. suum cDNA) represent new Picornavirales capable of infecting nematodes, frequent parasites in pig guts (48) . The similar genomic organization and polyprotein lengths and strong sequence conservation between posaviruses and Ascaris suum cDNA-derived polyproteins, plus the similar NCA characteristics of Ecdysozoa-infecting Picornavirales, posaviruses, and A. suum cDNA, all support the possibility that the posavirus sequences detected in the porcine feces originated from infections of parasitic nematodes.
A high rate of enteric viral coinfections with mammalian RNA and DNA viruses and viruses that may replicate in protozoans and nematodes was measured here in piglets raised on a high-density farm and may reflect farming conditions favorable to frequent virus transmissions. Recombination is an integral part of the evolution of the picornaviruses (kobuviruses, enteroviruses, sapeloviruses, and teschoviruses) making up the majority of the piglet fecal viral sequences. Recombination has also been reported within the Caliciviridae, Astroviridae, Parvoviridae, and Circoviridae-like viral families detected here (16, 45, 47, 50, 58, 63, 68, 77, 78, 82, 88, 89, 93, 104, 108) . The high rate of coinfections seen in this high-density farm therefore provides favorable conditions for recombination and accelerated viral evolution. Whether high rates of coinfections with the same group of viruses also occur on smaller farms or in different countries or vary seasonally will require further animal sampling. Determining the extent of viral zoonoses occurring on mixed-animal farms may also be of interest.
